Abstract-Acoustic radiation force impulse (ARFI) imaging has shown promise for visualizing structure and pathology within multiple organs; however, because the contrast depends on the push beam excitation width, image quality suffers outside of the region of excitation. Multi-focal-zone ARFI imaging has previously been used to extend the region of excitation (ROE), but the increased acquisition duration and acoustic exposure have limited its utility. Supersonic shear wave imaging has previously demonstrated that through technological improvements in ultrasound scanners and power supplies, it is possible to rapidly push at multiple locations before tracking displacements, facilitating extended depth of field shear wave sources. Similarly, ARFI imaging can utilize these same radiation force excitations to achieve tight pushing beams with a large depth of field. Finite element method simulations and experimental data are presented, demonstrating that single-and rapid multi-focal-zone ARFI have comparable image quality (less than 20% loss in contrast), but the multi-focal-zone approach has an extended axial region of excitation. Additionally, as compared with single-push sequences, the rapid multi-focalzone acquisitions improve the contrast-to-noise ratio by up to 40% in an example 4-mm-diameter lesion.
I. Introduction a coustic radiation force impulse (arFI) imaging is a well-established ultrasonic elasticity imaging modality that has been used to image structure, pathology, and medical procedures in the breast, prostate, liver, heart, and peripheral vessels [1]- [9] . by visualizing the mechanical properties of tissue, arFI imaging provides adjunctive information to b-mode imaging, often with higher contrast. However, arFI image contrast suffers outside of the region of excitation (roE) of the push beam because of lower displacement and broader radiation force excitations [10] .
To overcome the loss in contrast outside of the roE, previous studies have acquired multiple separate arFI images with the push beam focused at different depths, blending the data in post-processing to generate a single image [11] , [12] . although these multi-focal-zone sequences can improve overall image quality, there are certain issues with the published implementations. one primary drawback is the significant increase in acquisition duration, which can cause misregistration of the individual focal zone images. arFI images can require hundreds of milliseconds to acquire one plane [6] ; therefore, acquiring multi-focal-zone arFI images can take well over 1 s, during which cardiac and pulmonary motion could introduce artifacts. another deficiency of multi-focal-zone sequences is increased acoustic exposure and resulting off-time required to maintain Fda-approved acoustic output levels (i.e., the thermal index and temporal average intensity). This increased exposure is due to both the additional longduration pushing pulses as well as the increased number of tracking pulses required, which can account for upwards of 30% of the total acoustic output.
shear wave elasticity imaging (sWEI) [13] has previously been implemented using multiple pushes in rapid succession before tracking displacements, creating an extended depth of field in the images [14] [15] [16] . However, these radiation force excitations have not been explored for arFI imaging and can potentially allow for multifocal-zone imaging without any increase in acquisition duration. additionally, because the processing and display capabilities of graphics processing unit (GPU) cards now available on many ultrasound systems enable real-time arFI image generation, multi-focal-zone pushes facilitate higher frame rates because of the reduction in acquisition time [17] . In this paper, an analysis of the jitter, noise, contrast, and contrast-to-noise ratio (cnr) is performed to compare single-to rapid multi-focal-zone arFI imaging.
II. background acoustic radiation force (arF) arises from a transfer of momentum from an ultrasonic wave to the medium through which it is traveling because of both absorption and scattering of the wave, and is described by [1], [18] 
where α is the acoustic attenuation, I is the acoustic intensity, c is the speed of sound, and F is the force applied to the medium. arF-based ultrasound elasticity imaging utilizes this acoustic radiation force by applying focused ultrasound pushing pulses that displace the tissue on the order of micrometers to observe the on-axis displacement (arFI imaging) [1] or the off-axis shear wave propagation (sWEI imaging) [13] . The focus of this work is arFI imaging, which uses a beam sequence that begins with acquiring at least one conventional reference a-line in the region of interest, then applying the pushing pulse, and finally acquiring additional tracking a-lines. arFI images are then generated by repeating the beam sequence over the lateral field of view. The response of the tissue is determined by estimating the displacement of the tissue between the pre-push reference and the post-push tracks within the region of excitation [1] . stiffer tissues displace less and recover more quickly than softer tissues; thus, arFI images typically show stiffer tissues as regions of lower displacement.
This dynamic tissue response can be observed because it is relatively slow compared with acoustic wave propagation; therefore, by repeatedly transmitting acoustic waves and monitoring the changes in the phase of the received signal, tissue displacement can be estimated. additionally, based on the time scale of the tissue dynamics, it is possible to repeatedly excite with radiation force before tracking the tissue displacement, which has been termed a supersonic excitation [14] , [15] . For example, typically each radiation force excitation is less than 100 µs and the first observation of tissue motion does not occur until 0.5 ms after force cessation, allowing for up to 5 pushes before tracking the resulting motion.
It is also possible, however, that by rapidly applying radiation force excitations, interactions between individual pushes can occur, resulting in pushing on tissue that was not originally located at the desired focus of the excitation beam. For example, if the tissue translates significantly between the pushes, either because of the prior radiation force excitations or because of physiological motion, the radiation force from the later pushes would be applied in the incorrect region, and the resulting arFI image may be confounded. For the imaging system to be considered spatially invariant, there should be no significant interaction between the pushes [19] .
although this rapidly repeated excitation is possible, previous studies utilizing multi-focal-zone arFI images generated the images in the same fashion as sequential focus b-mode images primarily because of power supply limits [11] , [12] . Each focal depth was interrogated individually by acquiring all of the lateral locations with a single focal depth before moving to the next focal depth; the resulting data were then blended in post-processing to create a single image.
III. Theory
To determine the impact of the multi-focal-zone acquisitions on contrast of a target, a derivation is performed assuming two different focal depths (a and b), where the target is centered at one of the focal depths (a). It has previously been demonstrated that the maximum contrast in an arFI image is achieved in the region where the push beam is narrowest [10] . Therefore, for the target located at focal depth a, the image contrast from focal depth a would be higher than focal depth b, i.e.,
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where μ o is the mean displacement outside the target, μ i is the mean displacement inside the target, and the superscript represents the focal zone.
additionally, assuming small displacements relative to the target size, linear systems apply; thus, it follows that the displacement of the multi-focal-zone acquisition will be the sum of the appropriately time-delayed displacements of each focal zone. Therefore, the contrast of the target in the multi-focal-zone sequence is given by
Thus, based on (2), it can be shown that:
Therefore, by combining (4), (5) , and (6), we have demonstrated that the contrast of the multi-focal-zone acquisition is bounded by the contrast of the individual focal zones.
IV. Methods
A. Finite Element Method (FEM) Simulations
To investigate whether or not the imaging system is spatially invariant while utilizing rapid multi-focal-zone arFI imaging, previously validated FEM simulations were performed using a model for a prototype siemens linear array transducer [20] . These simulations were performed to determine the interactions between the different pushing pulses in a uniform medium. a three-dimensional, rectangular, solid mesh was created using ls-PrePost2 (livermore software Technology corp., livermore, ca), and the FEM simulations were performed using an explicit time-domain finite element algorithm available in lsdyna (livermore software Technology corp.). a typical high-resolution arFI sequence was simulated: three push beam configurations were defined (5 MHz center frequen-cy, 60 µs duration, F/1.5 focal geometry, focused individually at 15, 20, and 25 mm) such that the depth of field, computed as 8F 2 λ, overlapped by 1 mm [10] .
For each push configuration, Field II was used to determine the three-dimensional radiation force distribution, which was then utilized as the force input to the FEM simulations [21] , [22] . Each of the three push configurations was simulated independently in addition to two multi-focus simulations (15 → 20 → 25 mm or 25 → 20 → 15 mm). The multi-focus simulations simulated the pushes with temporal spacing such that there was 40 µs between the cessation of one push and the beginning of the next one, simulating a 10 kHz pulse repetition frequency (PrF). The tissue displacement was then monitored for 5 ms after force cessation.
B. Experimental Phantom Acquisitions
Experimental phantom data were obtained in a custom designed, calibrated cIrs tissue-mimicking phantom (cIrs, norfolk, Va) to verify the simulation results as well as analyze the impact of rapid multi-focal-zone arFI imaging on four image quality metrics: displacement jitter, image noise, contrast, and cnr. The phantom has a nominal background stiffness of 8 kPa young's modulus and attenuation of 0.5 db/cm/MHz; it contains a 4-mmdiameter cylindrical rod which is 4× stiffer than the background material, with the center located at 20 mm in depth.
Five different push focal depths were investigated (10, 15, 20, 25 , and 30 mm), with each push consisting of 300 cycles at 5 MHz with an F/1.5 focal geometry. singlefocal-zone sequences were designed such that data were acquired with a single push at each focal depth and with three pushes at each focal depth. rapid multi-focal-zone sequences were also designed to acquire data for each combination of 3 adjacent focal depths.
displacement tracking was performed with a 9 MHz, F/3.0 transmit, focused with F/0.5 dynamic receive and 4:1 parallel at a 10 kHz pulse repetition frequency. raw in-phase and quadrature (Iq) data were recorded using a prototype siemens linear array and a modified siemens acuson sc2000 ultrasound scanner (siemens Healthcare, Ultrasound business Unit, Mountain View, ca). displacements were estimated using a phase shift algorithm [23] , [24] .
C. Image Analysis
To analyze the jitter, contrast, cnr, and image noise, arFI images of both uniform regions and the cylindrical target were acquired. after the displacement was estimated, multiple pre-processing algorithms were applied; the data were low-pass filtered in time with a cutoff frequency of 1000 Hz, depth-dependent gain was applied to normalize for the force distribution resulting from focusing of the push beam, and a 0.25-mm axial and 0.50-mm lateral median filter was applied [25] .
after the preprocessing of the data, the mean displacement across the lateral field of view in the uniform region of the phantom was computed. The average displacement through time profiles for the individual foci were then time-delayed according to the timing of the multi-focalzone cases and summed to compare with the combined foci measurements. To estimate the jitter, the standard deviation of the displacement in 2-mm axial regions was computed over the entire acquisition depth and divided by the mean displacement at that depth; thus, the jitter is given in units of decibels relative to the mean displacement and quantified as a function of time after force cessation and depth in the phantom.
The + , where σ i is the standard deviation of the displacement inside the target and σ o is the standard deviation of the displacement outside the target; the overall image noise is therefore defined as σ σ
+ . analyses are performed with comparisons between the single-push, single-focal-zone; triple-push, single-focal-zone; and rapid multi-focal-zone sequences.
V. results
A. Displacement Dynamics
FEM simulations were performed per the methods detailed in section IV-a to determine whether or not rapid multi-focal-zone arFI imaging is spatially invariant. Fig.  1 displays the displacement through time curves for each of the simulations at the individual focal depths (15, 20 , and 25 mm), and compares the time-delayed and summed displacement data from each of the 3 individual focal zone simulations to the rapid multi-focus simulation. The rMs difference between the rapid multi-focal-zone simulation and the time-delayed and summed displacement data was computed over the entire simulated region (5 to 30 mm depth) and for each time step independently. as expected for a linear system, the rapid multi-focal-zone and summed single zone approaches are effectively the same, with a maximum rMs difference less than 0.01 µm.
To incorporate the effects of ultrasonic tracking, matched experimental data were acquired and are shown in Fig. 2 , where for each of 9 acquisitions, the displacements were averaged across the field of view and the error bars indicate the standard deviation over the speckle realizations. The multi-focal-zone displacement (black line) was compared with the time-delayed and summed singlepush individual focal zone data (dashed gray line) with a maximum rMs error of 0.2 µm over all of the configurations.
To evaluate the impact of the multi-focal-zone acquisitions on displacement noise, the jitter magnitude was estimated for each focal configuration and is given in Fig.  3 in units of decibels relative to the mean displacement. Viewing the jitter relative to the displacement, it is necessary to interpret Figs. 2 and 3 together, such that a high jitter magnitude can correspond to high noise as well as low displacement magnitude, such as late in time. overall, the multi-focal-zone acquisitions have equivalent or lower jitter than any of the single-push, single-focal-zone acqui- Fig. 1 . simulated displacement though time profiles (without simulated ultrasonic tracking) are shown for each focal configuration and at each focal depth, with the appropriate time delays applied according to when the pushes started in the multi-focal-zone configurations. The top row of images compares the profiles when pushing at the shallowest focal depth first and the bottom row of images utilized the deep-to-shallow configuration. In each plot, the dashed gray line indicates the time-delayed and summed output of the three individual focal zone simulations and is nearly identical to the solid black line, which is the multi-focal-zone simulation. as expected for a linear system, the rMs difference between the time-delayed and summed displacement profiles and the multi-focal-zone simulations is less than 0.01 µm in all configurations. Fig. 2 . Experimentally acquired displacement though time profiles in a uniform region of the phantom are shown for each focal configuration and at each focal depth in the same configuration as Fig. 1 . The error bars indicate the standard deviation over 9 independent speckle realizations. In each plot, the solid black line (the multi-focal-zone data) is in agreement with the dashed gray line (the sum of the individual focal zone acquisitions). The rMs difference through time between the time-delayed and summed displacement profiles and the multi-focal-zone acquisitions is less than 0.2 µm in all configurations, which is consistent with the simulations results in Fig. 1. sitions, indicating that there is minimal negative impact on the displacement signal-to-noise ratio by utilizing the rapid multi-focal-zone acquisitions.
although the previous comparisons demonstrated the linear combination of the single-push, single-focal-zone sequences into the rapid multi-focal-zone sequences, to compare image quality, triple-push, single-focal-zone sequences were also acquired. Example displacement and jitter plots are given in Fig. 4 , where each column is a different image and focal depth for the single focal zone sequences, which are then compared with the same rapid multi-focal-zone acquisition. In all cases, the triple-push sequence has the highest overall displacement; the peak displacement also occurs earlier in time for the single focal zone sequences as compared with the multi-focal-zone sequence. The triple-push sequences also have lower jitter than the single-push sequences. For the two deeper focal depths, the jitter magnitude of both the triple-push, single-focal-zone and the multi-focal-zone sequences is similar, however for the shallowest focal depth, after the peak displacement occurs, the jitter magnitude is lower for the multi-focal-zone sequence.
B. Experimental Results
To evaluate the impact of the rapid multi-focal-zone approach on cnr, experimental data were collected and processed per the methodology detailed in section IV-b. Fig. 5 shows the typical arFI image quality achieved with these sequences in the phantom. as expected, the lesion, which is centered at 20 mm, is best visualized in the 20 mm focus and combined focal zone configurations. The single-focal-zone acquisitions at 10 and 30 mm do not contain the target within their depth of field, so the target is poorly visualized.
after the center of the lesion was identified in each image, the contrast, image noise, and cnr were computed by comparing two 4-mm circular regions at the same depth, separated by 8 mm laterally. The image quality metrics were computed for each time step after the push, and an example of the temporal evolution of the contrast, noise, and cnr is given in Fig. 6 for the triple-push, single-focal-zone sequence, where the error bars indicate the standard deviation over 9 speckle realizations. In Fig. 6 , the peak contrast occurs early in time using the 20-mmfocus sequence, however because the noise decreases later in time, when the contrast of the 25 mm focus sequence is peaking, the maximum cnr is achieved later in time using the 25-mm-focus sequence.
Given the temporal evolution of both contrast and cnr, to evaluate both of these image metrics, the maximum values through time were extracted, along with the image noise at those time steps. Fig. 7 shows the mean and standard deviation of the contrast, noise, and cnr over 9 independent speckle realizations for the time step associated with the maximum image contrast. For the multi-focal-zone sequences, the black bars indicate pushing at the shallowest focal depth first, then the middle focal depth, and finally at the deepest focal depth; the gray bars indicate pushing in the opposite order. For the single-focal-zone sequences, the black bars display the data associated with the single-push sequences and the gray bars indicate the data for the triple-push sequences. Using the data from Fig. 7 , paired student's two-tailed t- Fig. 3 . The jitter magnitude relative to the mean displacement of the experimentally acquired data from Fig. 2 is shown here for each focal depth. For each of the 9 speckle realizations, the jitter was computed independently, and the error bars indicate the standard deviation of the jitter magnitude. because the jitter magnitude is computed relative to the displacement, a high jitter magnitude is expected whenever the displacement magnitude is low, such as late in time. Fig. 4 . The experimental displacement amplitude jitter magnitude relative to the mean displacement comparing single-push, single-focal-zone; triplepush, single-focal-zone; and rapid multi-focal-zone imaging sequences. For each of the 9 speckle realizations, the displacement magnitude and jitter was computed independently, and the error bars indicate the standard deviation of the jitter magnitude. The triple-push sequence has the highest overall displacement and its peak displacement occurs earlier in time as compared with the multi-focal-zone sequence. tests were performed between the contrast values for the 20-mm triple-push, single-focal-zone acquisition and all of the other focal configurations, which showed statistically significantly higher contrast (p < 0.01, top plot, Fig. 7) . However, by limiting the comparison to only the rapid multi-focal-zone and single-push sequences, the 20-mm, single-push sequence had the highest contrast (p < 0.01, top plot, Fig. 7) .
constructed in the same manner as Fig. 7 , Fig. 8 displays the contrast, noise, and cnr for each sequence from the time step associated with the maximum cnr. as shown in Fig. 6 , this time step is usually different than the one used for the maximum contrast. Paired student's two-tailed t-tests were again performed, yielding that the triple-push, 25-mm focal zone had the highest cnr of all of the sequences. However, comparing the rapid multi-focal-zone sequences to only the single-push sequences, the 30 → 25 → 20 mm combined focal zone acquisition had the highest cnr (p < 0.01, bottom plot, Fig. 8 ).
VI. discussion
Through the development of technological improvements in ultrasound scanners and power supplies, rapid multi-focal-zone arFI imaging is now possible, allowing extended regions of interest without any increase in acquisition time. additionally, depending on the relative positions of the focal zones and the target being imaged, there is either minimal degradation or improvement of image quality based on the cnr of target as compared with a single-push, single-focal-zone images.
by rapidly pushing at multiple focal depths, the displacements sum linearly at each depth, as shown in Figs. 1 and 2. In the FEM simulations, the match between the summed individual profiles and the simulated multi-focalzone pushes was nearly perfect (rMs error < 0.01 µm), indicating that multi-focal-zone pushes maintain spatial invariance since the displacements induced are small compared with the distance between the focal depths. In the experimental data, the time-delayed and summed displacement data had slightly lower displacement magnitude early in time as compared with the multi-focal-zone acquisitions. We hypothesize that this discrepancy arises from underestimation of the tissue motion caused by ultrasonic tracking and resulting shearing under the point spread function (PsF) [20] , [26] . The single-focal-zone acquisitions have relatively higher shearing under the PsF near the focus of each push as compared with the multifocal-zone pushes, which have a slightly broadened push beam because of the superposition of the focal geometries of all of the pushes [20] , [26] .
although the displacement magnitude sums linearly when using multi-focal-zone configurations, the relative jitter magnitude is similar early in time to the single-focalzone acquisitions, as demonstrated in Fig. 3 . This result is expected because the only primary source of jitter that is impacted by the multi-focal-zone acquisitions is the correlation coefficient, which is related to shearing under the point spread function [22] , [27] . The multi-focal-zone acquisitions increase the displacement magnitude, but they do not increase the shearing of the tissue because of the relatively broader pushes. as discussed earlier, it is hypothesized that the rapid multi-focal-zone pushes slightly decrease the shearing under the PsF; however, for the jitter magnitude early in time, there are no significant differences because the error bars overlap.
Given the increased quantity of acoustic energy used in the multi-focal-zone sequences, the larger displacement magnitudes for all of the focal depths were expected. However, to analyze the results assuming a finite amount of acoustic energy, the rapid multi-focal-zone sequences were compared with the triple-push, single-focal-zone sequences in Fig. 4 . In all cases, it is apparent that the triple-push, single-focal-zone sequences have the highest displacement and lowest jitter early in time. However, because the peak displacement for the rapid multi-focal-zone sequences occurs later in time, the relative jitter magnitude can be lower, as demonstrated in the 15-mm subfigure (bottom left plot, Fig. 4) . The comparison between sequences was then extended to the image quality metrics of contrast, noise, and cnr. Fig. 6 demonstrates the temporal evolution of these metrics after force cessation, which indicates that the maximum contrast and the maximum cnr are achieved both with different sequences and at different times. The maxi- mum cnr consistently occurs later in time than the maximum contrast because of the reduction in image noise that occurs as the shearing under the tracking PsF decreases with time, whereas the displacement at the target is still high.
The contrast, noise, and cnr were then evaluated for all of the different sequences, looking at data from the time step associated with the maximum contrast or the maximum cnr. For the maximum contrast data (Fig.  7) , the triple-push, 20-mm focus had the highest target contrast (p < 0.01, top plot, Fig. 7) , and if the triple-push sequences are removed from the analysis, the single-push, 20-mm focus has the highest contrast (p < 0.01, top plot, Fig. 7) . These results are consistent with the derivation presented in section III (5) , confirming that the use of multi-focal-zone arFI imaging degrades the maximum contrast achievable in an arFI image.
However, Fig. 7 (bottom plot) also demonstrates that the maximum cnr is highly dependent on the noise level, which decreases later in time and can be reduced by utilizing either the triple-push sequences or multi-focal-zone arFI imaging. specifically, Fig. 8 displays the data from the time step associated with the maximum cnr for each sequence. overall, the triple-push sequence focused at 25 mm has the highest cnr (p < 0.01, bottom plot, Fig.  8) , and if the triple-push sequences are removed from the analysis, the cnr when using the 30 → 25 → 20 mm combined focal zone is highest (p < 0.01, bottom plot, Fig. 8 ).
analyzing the data in Figs. 7 and 8, two primary conclusions can be drawn: to achieve maximum contrast, the radiation force excitation should be focused at the center of the target, but to achieve maximum cnr, the push should focused slightly below the target using the maximum amount of available energy. Generally, cnr is a better indicator of image quality than contrast because it incorporates target conspicuity; however, it is also noteworthy that the maximum cnr occurs later in time than the maximum contrast, at which point the lesion size may be incorrect [10] .
as compared with the single-focal-zone sequences, the rapid multi-focal-zone sequences yield consistent image quality throughout a much larger excitation depth, which would result in overall better image quality for targets larger than the single focal zone depth of field or if the exact depth of the target was unknown. additionally, as compared with the single-push, single-focal-zone sequences, the rapid multi-focal-zone sequences can have a higher cnr (bottom plot, Fig. 8 ), and all of the sequences have less than 20% loss in the target contrast (top plot, Fig. 7 ) compared with the 20-mm focus sequence.
an alternative interpretation of rapid multi-focal-zone imaging is as an optimization parameter because it ex- Fig. 7 . contrast, noise, and cnr of the 4-mm cylindrical target are given, where the error bars indicate the standard deviation over 9 independent speckle realizations. The bar plots portray the data from the time step where the maximum contrast through time was observed. as expected per the derivation in section III, the 20-mm push focal configuration yields the highest contrast (paired student's two-tailed t-test, p < 0.01).
tends the depth of field of the arFI image, while not increasing the acquisition duration. Thus, if a certain depth of field for the image is desired, the f-number for a singlefocal-zone sequence can be computed, but multiple rapid multi-focal-zone sequences could also be designed, which would have narrower excitation beams and therefore potentially improved image quality [10] , which is similar to the advantage that arises from the use of the supersonic excitations for sWEI [14] .
comparing the rapid multi-focal-zone approach to previously published multi-focal-zone arFI imaging methods, any potential motion artifact is reduced because the data are acquired in 1/N amount of time, where N is the number of focal zones. additionally, the overall acoustic exposure is reduced because fewer tracking pulses are required, which can consist of over 30% of the total acoustic energy output.
VII. conclusions
In this paper, we have performed an analysis of the displacement magnitude, noise, contrast, and cnr to compare single-and rapid multi-focal-zone arFI imaging. by utilizing rapid multi-focal-zone arFI imaging, the depth of field in the images is extended beyond that of a single focal zone without decreasing frame rate, the cnr of targets within the region of excitation can increase by up to 40%, and the acquisition duration is significantly lower compared with conventional blended images, reducing potential motion artifacts. Thus, we conclude rapid multi-focal-zone acquisitions can improve overall image quality, depending on the imaging conditions and the size of the target being image, but the implementation of rapid multi-focal-zone imaging is contingent upon an adequate power supply and sufficiently low acoustic energy exposure.
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